Under physiological conditions N-methyl-D-aspartate (NMDA) receptor activation requires coincidence of presynaptic glutamate release and postsynaptic depolarization due to the voltage-dependent block of these receptors by extracellular Mg 2+ . Therefore, spontaneous neurotransmission in the absence of action potential firing is not expected to lead to significant NMDA receptor activation. Here, we tested this assumption in layer IV neurons in neocortex at their resting membrane potential (~-67 mV). In long duration stable recordings, we averaged a large number of miniature excitatory postsynaptic currents 3
Introduction
The Ca 2+ permeability of NMDA receptors renders them critical for synaptic activation of several second messenger-signaling cascades in the postsynaptic neuron. However, the permeability of NMDA receptors at negative membrane potentials is restricted due to their blockade by extracelullar Mg 2+ ions (Mayer et al. 1984; Nowak et al. 1984) . Thus, in physiological settings at rest, the presence of Mg 2+ is thought to reduce the conductance of NMDA receptors and limit their impact on neuronal signaling. In contrast, quantitative analyses of NMDA receptor function predict that a substantial amount of NMDA receptor-current remains at the neuronal membrane potentials typically encountered at rest (Jahr and Stevens 1990a, b) . In addition, recent work has reported that in the mouse barrel cortex spiny stellate cells contain the NR2C NMDA receptor subunit which confers decreased susceptibility to Mg 2+ block, thus enabling NMDA receptor mediated transmission under physiological conditions (Fleidervish et al. 1998; Binshtok et al. 2006) . Furthermore, several studies have documented activation of unitary NMDA receptor mediated mEPSCs at low levels of Mg 2+ (Bekkers and Stevens 1989; Myme et al. 2003; Watt et al. 2000) , or at depolarized potentials (>-40mV) (McBain and Dingledine 1992) . However, it remains unclear if spontaneous neurotransmission under physiological levels of Mg 2+ can trigger detectable postsynaptic currents without requiring a non-canonical set of NMDA receptor properties such as those conferred by NR2C subunits. Clarification of the mechanisms that govern NMDA receptor activation at rest has become particularly important as recent studies suggest that synaptic NMDA receptor activation mediated by spontaneous miniature excitatory postsynaptic currents (mEPSCs) at rest can trigger signaling leading to synaptic plasticity within a time window of hours to several days (Murphy et al. 1994; Slutsky et al. 2004; Sutton et al. 2006; Chung and Kavalali 2006) .
Here, we investigated the contribution of NMDA receptor currents in cortical brain slices from postnatal day 11 to 19 after a developmental time point when the subunit composition of NMDA receptors is thought to be similar to that of adult animals (Burgard and Hablitz 1993a; Monyer et al. 1994) . In analogy to evoked EPSCs most mEPSCs recorded in nominal Mg 2+ or at depolarized potentials are composed by a fast non-NMDA component as well as by a slow NMDA component (Watt et al. 2000; McBain and Dingledine 1992; Burgard and Hablitz 1993b; Koester and Sakmann 1998; Kovalchuk et al. 2000; Stern et al. 1992) . We found that in neocortical neurons in Layer IV of barrel cortex the NMDA component comprises up to 20% and 30% of the average charge transfer by mEPSCs at -67 mV and at -52 mV respectively. In vivo, these cells have been shown to oscillate between these two membrane potentials (Steriade et al. 1993; Petersen et al. 2003) . Moreover, partial block of the AMPA receptor component of the mEPSCs did not cause a significant reduction in the NMDA component indicating that possible AMPA receptor-driven local depolarizations did not drive NMDA receptor activity at rest.
Methods

Slice preparation
Thalamocortical slices were prepared from postnatal day 11 to 19 Sprague Dawley rats following previously published protocols (Agmon and Connors 1991 dextrose, and 0.5 CaCl 2 . Slices were incubated at 32 o C for 1 hour and kept at room temperature until use.
In the preparation used for this study L4 neurons mainly connect with other cells within the same barrel and with supra-and infragranular cortical projections within the same column (Feldmeyer et al. 1999 ). Additionally, a small fraction of synapses (~15%) may be shared with thalamocortical projections from the ventrobasal complex of the thalamus (White and Rock 1980; Gil and Amitai 1996) . In contrast, in tangential preparations, supra-and infragranular projections are lost and lateral projections between barrels are largely preserved (Fleidervish et al 1998; Binshtok et al, 2006) . Therefore, excitatory projections onto L4 neurons are diverse and the total and specific NMDA receptor contribution to miniature neurotransmission may vary among different preparations.
Electrophysiology
Barrels were identified at low magnification under bright field illumination and the pipette was aligned at the base of one of the barrels flanked by other barrels at each side. Whole cell voltage clamp recordings were performed from visually identified neurons in Layer IV of the barrel cortex using a higher magnification objective (40 X) and infrared-differential interference contrast optics. The field visualized in the video monitor corresponded to an area of 100 X 100 μm, which roughly fits in the hollow of the barrels. After touching the surface of the brain slice, the pipette was advanced with a vectorial inclination of 45 o towards the center of the barrel. Pyramidal-like neurons with an apical dendrite (mainly star pyramids) were targeted for recording but, because cells were not stained for further morphological characterization, we cannot exclude that some recordings were obtained from spiny stellate cells (Fleidervish et al. 1998; Schubert et al. 2003 
Statistical Analysis
All data are expressed as mean ± SEM. Statistical differences were established either using paired twotailed Student's t-test or repeated measures one-way ANOVA. The Dunnett's or the Bonferroni's posthoc tests were applied as appropriate.
Results
Long-term stability of mEPSC properties at rest
In order to assess the contribution of NMDA receptor mediated currents to spontaneous neurotransmission, we first determined the resting membrane potential of layer IV pyramidal cells under our recording conditions at 32 o C. Figure 1A shows traces acquired in current clamp configuration before (Control) and after perfusion of 50 μM D-L 2 amino 5-phosphonovaleric acid (AP-5), a specific blocker of NMDA receptors. The membrane potential in control conditions ranged between -64 and -70 mV (n = 9). 5-minute long application of AP-5 did not alter the baseline membrane potential suggesting that NMDA receptor activity does not contribute to setting the membrane potential in these cells (Fig. 1A ).
Under physiological conditions at rest, NMDA receptor mediated current component of an individual mEPSC is expected to be near the baseline noise level (McBain and Dingledine 1992) .
Therefore, to unmask the putative NMDA receptor mediated current component, we quantified the difference between several mEPSCs averaged before and after AP-5 application during stable recordings.
For this analysis, we selected independent events separated by ~100 ms and avoided events clustered in time (Fig. 1B ). This approach is very sensitive to variations in the quality of the recording, as well as to changes in the kinetics of mEPSCs throughout the recording. Therefore, we first tested the stability of the mEPSC kinetics for long recording durations similar to those we used for the experiments. For this purpose, we recorded mEPSCs in control conditions under voltage-clamp for up to 35 minutes after achieving the whole-cell configuration. To avoid possible artifacts due to cell dialysis with the internal solution, control events were selected 8 minutes following initiation of the whole-cell configuration (Average mEPSC 8-13 min; Figure 1B , lower panel right, and 1C, left panel). A second group of events were chosen 20 minutes after the beginning of whole cell recordings (average mEPSC 23-28 min; Figure   1C , middle). We did not detect a difference between the two groups of mEPSCs when overlapped ( Fig.   1C , right; n = 7), indicating the adequacy of the experimental conditions for our analysis. In addition, the average charge transfer carried by mEPSCs at times 8-13 min or 23-28 min was not significantly different ( Fig. 1C inset) .
Contribution of NMDA receptor mediated currents to mEPSCs under physiological conditions
Next, we assessed the contribution of NMDA receptors to mEPSCs at physiological (1.25 mM) (Heipertz et al. 1979) , or high (2 mM) concentrations of extracellular Mg
2+
. In these experiments, we varied the membrane potential between -42 and -82 mV and recorded traces before and after perfusion of AP-5 ( Fig. 2A) . To estimate the NMDA receptor mediated component of mEPSCs, we obtained the difference between the averages of ~100 mEPSCs recorded under the control condition and after AP-5 application ( Fig. 2A) . Overall, these Mg 2+ concentrations and membrane potential values altered the difference current in the direction consistent with expectations from regulation of NMDA receptor mediated currents (Jahr and Stevens 1990a, b) . The resulting difference current was detectable at potentials as low as -82 mV in the presence of 2 mM Mg 2+ and increased with further depolarization or a reduction in Mg 2+ concentration ( Fig. 2A-B) . Interestingly, AP-5 application accelerated the decaying phase of mEPSCs without significantly altering the peak current amplitudes ( Fig. 2A) . When normalized to the peak amplitude of the mEPSC before perfusion of AP-5, the peak of the NMDA receptor mediated component increased from 3.4±0.9 % at -82 mV (2 mM Mg 2+ , n=10) to 8.6 ± 0.3 % at -67 mV (1.25 mM Mg 2+ , n=10) and reached 21.0 ± 3.2% at -42 mV (2 mM Mg 2+ , n=5) (Fig. 2B) . Similarly, the relative charge transfer for the NMDA receptor mediated component at each condition increased from 4.3 ± 4.8%
at -82 mV (2 mM Mg 2+ ) to 14.4 ± 9.2 % at -82 mV (1.25 mM Mg 2+ ) and reached 21.0 ± 2.8%, at -67 mV (1.25 mM Mg 2+ ) (Fig. 2C) . As expected, the relative contribution of NMDA receptors to mEPSCs was substantially higher at more depolarized membrane potentials in presence of physiological levels of Mg 2+ (31.8 ± 5.2% at -52 mV (1.25 mM Mg 2+ ) and 35.4 ± 6.1% at -42 mV (2 mM Mg 2+ )).
Further analysis of experiments conducted at -67 mV (1.25 mM Mg 2+ ) showed that the average peak amplitudes as well as the rise time of mEPSCs were not affected by AP-5 application although the total charge transfer and the decay time of events were reduced (Fig. 3A-D) . This finding suggests that the rising phase of the mEPSC is almost exclusively contributed by the fast AMPA receptor component and NMDA receptors mainly slow the decaying phase. In addition, this analysis revealed that the AP-5 induced reduction in total charge transfer by individual mEPSCs was homogenously distributed across all mEPSC sizes (Fig. 3E) . Therefore NMDA receptor activation during a mEPSC does not increase with increasing mEPSC size consistent with the premise that AMPA receptor component of a mEPSC has minimal impact on its NMDA component at rest. In addition, this analysis suggests that most NMDA receptors were co-activated with their AMPA counterparts, as cumulative histrograms did not reveal a significant contribution of slow rising mEPSCs solely mediated by NMDA receptors to the overall population of mEPSCs.
The impact of AMPA current inhibition on NMDA receptor mediated component of mEPSCs
Mature glutamatergic synapses typically possess both AMPA and NMDA receptors (Bekkers and Stevens 1989; Stern et al. 1992; Liao et al. 2001 ). Therefore, it is possible that AMPA receptor activity may augment NMDA receptor activity at rest through electrical means. Such interaction between the activation of the two types of receptors may occur if some dendritic spines comprise electrically isolated compartments due to high spine neck resistance (Bloodgood and Sabatini 2005 analysis above in a parallel set of experiments in the presence of low concentrations of AMPA receptor antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) as well as a more specific antagonist 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione (NBQX) as CNQX may interfere with the action of NMDA receptor co-agonist glycine (Lester et al. 1989 ). These conditions allowed us to select mEPSCs using similar criteria as above albeit with reduced amplitudes.
Application of 1.8 μM CNQX or 0.35 μM NBQX in 1.25 mM Mg 2+ at -67 mV reduced the average mEPSC amplitude by 60% (Fig. 4A, E) . However, this large reduction in AMPA currents did not have a major effect on the size of the absolute charge transfer mediated by the NMDA receptor components of the mEPSCs (Fig. 4B, C , F, G) but increased the relative fraction of the charge transfer mediated by NMDA receptors (Fig. 4D, H) . Taken together, these results suggest that AMPA receptor activation overall does not facilitate NMDA conductance during spontaneous neurotransmission arguing against the premise that NMDA receptor component of mEPSCs is driven by local AMPA mediated depolarization and Mg 2+ unblock.
Discussion
In this study, we monitored miniature excitatory postsynaptic currents in neurons of the barrel cortex to assess the contribution of NMDA receptors to spontaneous neurotransmission. We found that spontaneous mEPSCs are sensitive to specific NMDA receptor blocker AP-5 at near physiological conditions (32 o C, 1.25 -2 mM Mg 2+ ). On average, NMDA receptors mediated 20% of the charge transfer of a mEPSC at -67 mV and nearly 30% of a mEPSC at -52 mV. These membrane potentials represent the two states that neocortical neurons oscillate between in vivo at a frequency of 1Hz. In addition to the near physiological temperature and physiologically meaningful membrane potentials of these recordings, the concentration of extracellular Mg 2+ (1.25 mM) also reflect the Mg 2+ concentration in the cerebrospinal fluid, which is expected to be similar to the concentration in the extracellular environment in direct contact with neurons. This value ranges between 1.1 to 1.35 mM in humans (Heipertz et al. 1979) and is around 0.85 mM in rats (Jeong et al. 2006; Chutkow 1974 ). In addition, our results on the NMDA receptor component of mEPSCs agree well with the earlier findings of Feldmeyer and colleagues on NMDA receptor contribution to single excitatory postsynaptic potentials in barrel cortex layer 4 neurons (Feldmeyer et al. 1999 Jahr and Stevens (1990a) . An equation they have generated to calculate the relative conductance of NMDA receptors at a particular membrane potential and extracellular Mg 2+ concentration estimates that NMDA receptors should be active at 4.3% of their peak conductance at -67 mV in the presence of 1.25 mM Mg 2+ (Jahr and Stevens 1990a) . Taken together with the relative long decay times of NMDA receptor medicated EPSCs, this estimate is in line with our finding that at least 20% of total charge of mEPSCs is carried by NMDA receptors under the same conditions.
Earlier recordings of mEPSCs in L4 revealed a very large contribution of NMDA receptors even in the presence of blockers of non-NMDA receptors (Fleidervish et al., 1998; Binshtok et al., 2006) .
However, we could detect clear NMDA receptor mediated mEPSCs only in 1 out of 8 recordings in the presence of 10 μM NBQX to block AMPA currents (data not shown). The most plausible explanation for this discrepancy is that different synapses and NMDA receptor types (i.e. NR2C subunits) were functional in the previous reports due to the tangential preparation used in contrast to the thalamocortical one we employed here. In fact, Binshtok et al. (2006) demonstrated that in the tangential preparation, lateral projections between barrels are preserved while supra-and infragranular projections are lost. Therefore it is likely that NR2C subunits, which are specifically localized to spiny stellate cells, constitutively form part of synapses that are selectively preserved in tangential preparations of the barrel cortex.
Spontaneous glutamate release driven NMDA receptor activation has several implications for neuronal signaling. Earlier studies suggested that synaptic NMDA receptor activation mediated by spontaneous mEPSCs at rest can trigger signaling leading to synaptic plasticity within a time window of hours to several days (Murphy et al. 1994; Slutsky et al. 2004; Sutton et al. 2006) . For example, activation of the Ca 2+ -calmodulin kinase II but not the mitogen activated protein kinase depends on NMDA receptor-dependent Ca 2+ influx induced, in part, by spontaneous neurotransmission (Murphy et al. 1994 ). NMDA receptor activity at rest has also been shown to regulate the ability of hippocampal synaptic terminals to undergo plasticity (Slutsky et al. 2004) . Recent studies by Sutton and colleagues (Sutton et al., 2006; Sutton et al., 2007) showed that spontaneous neurotransmitter release, rather than evoked neurotransmission, is a specific regulator of postsynaptic sensitivity to neurotransmitters by suppressing the dendritic protein translation machinery locally and thereby maintaining receptor composition of synapses. These experiments showed that, unlike the blockade of action potentials, inhibition of either NMDA receptors or AMPA receptors can increase the amplitude of mEPSCs within hours. The frequency of mEPSCs remains unchanged, and the increased mEPSC amplitude is seen even when action potentials are allowed during receptor blockade. Moreover, the authors show that this rapid effect of NMDA receptor blockade on unitary transmission is strictly dependent on protein synthesis.
These findings are consistent with our observations and they strongly suggest that NMDA receptors are active at rest during spontaneous neurotransmission, despite their reduced ion conductance due to Mg 2+ block. A recent study by the same investigators showed that regulation of protein translation by spontaneous release events occurs through the eukaryotic elongation factor-2 (eEF2), which distinguishes unitary Ca 2+ currents generated by evoked release from currents mediated by spontaneous release and controls protein synthesis accordingly (Sutton et al. 2007) . Taken together with the result that NMDA receptor properties makes them susceptible to activation under resting conditions, the findings of Sutton and colleagues (2007) bolster the recent proposal that evoked and spontaneous release may trigger nonoverlapping activation of postsynaptic NMDA receptors (Atasoy et al. 2008 ).
Our results in neocortical slices corroborate this earlier work and provide an explicit estimate of the size of NMDA receptor contribution to unitary excitatory currents detected in the absence of activity.
These findings indicate that mEPSC driven signaling is more widespread than previously thought and reinforce the premise that mEPSCs can drive biochemical signaling in addition to electrical activity.
Furthermore, augmentation of spontaneous neurotransmission or NMDA receptor activity by factors such as BDNF (Tyler and Pozzo-Miller 2003; Magby et al. 2006) or Reelin (Chen et al. 2005) can also increase the contribution of this form of signaling to overall neurotransmission. Therefore, spontaneous glutamate release may constitute a bone fide pathway for interneuronal signaling independent of presynaptic and postsynaptic activity. 
A, C:
The amplitudes and rise times of mEPSCs were not different before and after application of (n=10).
This suggests that a fast non-NMDA component dominates these two parameters at -67 mV (1.25 mM Mg 2+ ). B, D: Absolute charge transfer during a mEPSC and mEPSC decay times were significantly reduced in the presence of AP-5 (both, ~20% difference). E: Cumulative distributions of charge transfer by mEPSCs before and after application of AP-5 at -67 mV holding potential. This graph shows that the AP-5 induced reduction in total charge transfer by individual mEPSCs was homogenously distributed across all mEPSC sizes. F, G: Cumulative distributions of rise times and decay times of mEPSCs before and after application of AP-5 at -67 mV holding potential. These graphs show that the AP-5 application had a minimal effect on the distribution of rise times whereas it significantly decreased the decay times of individual mEPSCs. In both cases, however, mEPSCs were affected in a homogenous manner. 
